To improve the stability of receiving power in the wireless power transmission system with unfixed receiving position, a flexible power control strategy without the measurement in secondary side and the wireless communication between primary and secondary sides is proposed. The circuit model of a multiphase resonant inverter (MPRI) with cascaded intercell transformers (ICTs) is developed. The output voltage control strategy of the MPRI is introduced based on the iterative summation method for trigonometric functions. The circuit model of the system is derived to deduce the expressions for the key parameters. Considering the cascaded ICTs and the inductor-capacitor-capacitor (LCC) compensation circuit in the primary side, the design method of the compensation parameters is proposed based on the circuit model of the MPRI. After synthesizing the online monitoring, parameter pre-calculation, prediction of several conditions, and online learning, the flexible power control strategy is put forward for the wireless power transmission system with unfixed receiver position. Without the auxiliary positioning methods, the measurement in the secondary side, or the wireless communication between primary and secondary sides, the recognition of the load access and exit, as well as the power stabilization control after access, are realized. Finally, the theoretical analyses and the control strategy are validated by experiments.
I. INTRODUCTION
Wireless power transmission (WPT) technology has received much attention in recent decades due to its convenience and safety. It is beneficial for power consumption equipment to be independent of the electric cables. The technology has been widely applied in the fields of consumer electronics [1] , smart home [2] , implant medical devices [3] , electric vehicles [4] , sensors in smart grid [5] , rail transits [6] and drones. In [1] , a 6.78 MHz resonant wireless power transfer (WPT) system with a 5 W fully integrated power receiver is introduced. An asymmetric wireless power transfer (WPT) system for The associate editor coordinating the review of this manuscript and approving it for publication was Taufik Abrao . a 150 watt LED TV is proposed in [2] . An implantable magnetic coupling resonate WPT system by integrating with metasurface for biological applications is presented in [3] . The advances in stationary and dynamic wireless charging of EVs are reviewed in [4] . The concept of the dominoresonator WPT system is applied in energy harvest from the ac magnetic field around the high-voltage cable to be transmitted wirelessly to power an online monitoring system in high-voltage transmission tower in [5] . The Design and fabrication of a 1-MW inductive power transfer system is proposed for a high-speed train in [6] .
The research hotspots of WPT are mainly high frequency inverter [7] , [8] , energy couplers [2] , [9] , compensation circuits [4] , [10] , power rate improvement [6] , system efficiency optimization [11] , [12] , electromagnetic compatibility (EMC) [13] and power stabilization control [14] . A voltage equalizer is proposed by combining wireless power transfer and a voltage multiplier for seriesconnected energy storage cells in [8] . A coil structure is proposed to minimize the coupling among the transmitters and generate a three-dimensional magnetic field in [9] . A comprehensive investigation on system topologies and characteristics is conducted in [10] . An efficiency optimization method is proposed to improve the system efficiency for the low-speed application scenarios of dynamic charging in [11] . The compact resonant reactive shielding coil topology is presented for reducing electromagnetic field in [13] . The coordinated control of two source voltages is applied to solve the power fluctuation of load in [14] . In a large number of WPT applications, the load (secondary side) is usually at unfixed receiving position or moving state. Such as the dynamic wireless power transfer or static-dynamic hybrid wireless power transfer, they are proposed to power wirelessly for the moving objects or the frequent position changing objects with tiny battery or no battery. The best state is to maintain the balance between the wirelessly receiving power and consuming power. The load is fixed or changes in a very tiny area which can be ignored. The main parameter which influences the system performance is the changing receiving position. The misalignment between the primary and secondary sides is variable, which causes mutual inductance fluctuations and the system characteristics including the receiving power and the system efficiency unstable.
In order to improve stabilization of the system performance, the DD coil structure is applied to promote the lateral misalignment tolerance in dynamic wireless power transfer system in [15] . In the WPT system with voltage power source and LC compensation circuit in primary side, the current in primary side is high when the coupling between the primary and secondary sides is weak. The LCC compensation circuit in primary side is presented to maintain the constant current and prevent the over current in primary side in [16] . In [12] , the parity-time symmetric circuit based on the nonlinear gain saturation element is investigated, which results in a stable system efficiency even when the coupling coefficient changes widely. In [17] , the topology conversion method in primary side is proposed to improve the receiving power stabilization in the dynamic wireless charging system. In [18] , the auxiliary circuit is applied to realize the power control in the WPT system with multi-load and multi-frequency. In [7] , the CC-CV (constant current and constant voltage) control of the battery charging for EVs (electric vehicles) is achieved based on a new type high frequency inverter with intercell transformers (ICTs, also named coupled inductors). The series compensation topology is applied in both primary side and the secondary side in [7] . Because of the unconsidered equivalent leakage inductance of the ICTs in compensation circuit, the optimal normalized operation frequency needs to be optimized and changed. In most research of the wireless power transfer, the compensation circuit is designed firstly and operation frequency is fixed during the operation process. The equivalent leakage inductance of the ICTs is taken into consideration in the parameter design of the compensation circuit to fix the operation frequency in this paper. The multiphase resonant inverter (MPRI) [7] , [19] , [20] is a new branch of the inverters for the wireless power transfer system and has great potentialities. The output power can also be controlled without the DC-DC converter in the input side. In addition, the higher power rate can be realized by using the devices with lower rated current and lower price according to this topology.
In order to realize the optimization and control of receiving power and efficiency in a WPT system, the variation of characteristics in the load side (secondary side) is usually tested in secondary side and sent to the primary side through a wireless communication method. Based on the concept of measurement in secondary side and wireless communication, the frequency and power tracking method is proposed to control the receiving power in paper [21] . The closed loop control of the system is achieved after receiving the voltage of the battery and the pulse width in secondary side through the wireless communication method in paper [22] . In paper [23] , the front-end monitoring method in WPT system of multiple loads is proposed without the wireless communication system, which is beneficial for decreasing the system cost and the system complexity.
To solve the issue of the power stabilization caused by frequent change of the receiver position in a WPT system for movable load, the flexible power control strategy for the wireless power transmission system with unfixed receiver position is investigated. In Section II, the circuit model of the MPRI with the cascaded ICTs is derived. Using an iterative summation method for trigonometric functions, the expression of the output voltage of the MPRI as a function of the number of phases and the maximum phase difference is deduced. According to the circuit model of the MPRI, the control method of the output voltage of the MPRI based on the adjustment of the maximum phase difference is introduced. In Section III, the circuit model of the WPT system is developed and the design method of the compensation circuit parameters in primary side is proposed based on the circuit model of the MPRI. The expressions for system parameters including the output current of the MPRI, the receiving power and the system efficiency about the number of phases, the maximum phase difference and the mutual inductance are deduced. In Section IV, for achieving the recognition of access and exit as well as the power stabilization control after access, the flexible power control strategy for the wireless power transmission system with unfixed receiver position is presented according to the online monitoring of the key parameters, pre-calculation of the inner parameters, prediction of several conditions, and the online learning. The theoretical analyses and the control strategy are validated by experiments in Section V and the conclusions are provided in Section VI.
II. CIRCUIT ANALYSIS OF THE MPRI WITH THE CASCADED ICTS
The structure of the MPRI with the cascaded ICTs is proposed in [7] . In [7] , the series compensation topology is applied in both primary and secondary sides. The circuit topology diagram of the WPT system based on the MPRI with the cascaded ICTs is shown in Fig. 1 . U dc represents the DC input voltage of the MPRI. The MOSFETs (S 1a /S 1b , S 2a /S 2b ,· · · , and S na /S nb ) comprise the n-phase circuit in the MPRI (n ≥ 2, n ∈ N). u 1 , u 2 ,· · · , u n denote the fundamental components of the square-wave output voltage from each phase, respectively. i f is the fundamental component of the output current of the MPRI. L f is the extra compensation inductance in primary side. C f and C p are the compensation capacitor in primary side. L p and R p represent the inductance and the resistance of the primary coil, respectively. L s and R s are the inductance and the resistance of the secondary coil, respectively. C s is the compensation capacitor in secondary side. The series capacitors are applied to decrease the total impedance and increase the current through the series circuit. M is the mutual inductance between the primary and the secondary coils. R L represents the load resistance. In this paper, the load resistance and the system frequency are fixed. The equivalent circuit of the MPRI with ICTs is shown in Fig. 2 . L ICT 1p , L ICT 2p ,· · · , L ICTnp and L ICT 1s , L ICT 2s ,· · · , L ICTns represent the self-inductances in primary side and secondary of the ICTs (ICT 1 , ICT 2 , · · · , ICT n ). R ICT 1p , R ICT 2p , · · · , R ICTnp and R ICT 1s , R ICT 2s , · · · , R ICTns represent the resistances in primary side and secondary of the ICTs.
The impedances of the primary windings and the secondary windings in ICTs are denoted as Z ICTkp = R ICTkp + jωL ICTkp and Z ICTks = R ICTks + jωL ICTks , (k = 1, 2, · · · , n) respectively. ω = 2π f and f is the system operation frequency. The mutual inductance of the ICTs are M ICT 1 , M ICT 2 ,· · · , M ICTn . i 1 , i 2 ,· · · , i n represent the fundamental components of the currents in each phase respectively. Z 0 is the equivalent load after the ICTs.
U k is the phasor of the fundamental component u k of the k th phase output voltage. I k is the phasor of the fundamental component i k in the k th phase circuit. I f is the phasor of i f . Based on Kirchhoff's voltage law and current law, similar to [7] , the equations of the circuit can be written as following:
(1)
(2)
In this paper, the ICTs are designed as identical. Hence, assuming that
(1) can be simplified to
After superposition, (3) can be written as
According to (2) and (4), the equation can be presented as (5) can be written as
The equivalent circuit of the MPRI with ICTs in Fig. 2 is equal to the equivalent single phase circuit in Fig. 3 according to (6) . The equivalent resistance R eq and the equivalent inductance L eq are denoted as
U eq , the phasor of the equivalent single phase output voltage u eq of the MPRI, is represented as
In [7] , the expression of the equivalent single-phase output voltage in the complex domain is given without the detailed derivation process. In this paper, the construction method of iterative summation for trigonometric function is investigated to deduce the expression of the equivalent single phase output voltage about the number of phase and the maximum phase difference.
Similar to [7] , assuming that the fundamental component u k of the k th phase output voltage is
where ϕ k is the phase angle of the k th phase output voltage. The regulation of phase difference between adjacent phases is equally-spread in this paper as
where φ represents the maximum phase difference (namely, the phase difference between the first phase and the last phase). According to (9), (10) and (11), u eq can be written as
When φ = 0, the RMS value of the equivalent single phase output voltage U eq = √ 2U dc π . When φ = 0, the following trigonometric equation is constructed to calculate (13) .
(14) is equal to
According to (15) , (13) can be written as
where θ 1 + 1 2 θ 2 equals to ωt − n 2(n−1) φ and θ 1 + n + 1 2 θ 2 equals to ωt + n 2(n−1) φ. The expression of the equivalent single phase output voltage u eq as a function of the number of phases and the maximum phase difference can be deduced as
The RMS value of the equivalent single phase output voltage can be written as
where U 0 = √ 2 U dc π . In this paper, the adjustment method of the maximum phase difference φ is proposed to control the output voltage of the MPRI with ICTs. The characteristics of the normalized equivalent single-phase output voltage varying with the number of phases and the maximum phase difference are shown in Fig. 4 . According to (18) and the results in Fig. 4 , the matching relationship between the output voltage and the maximum phase difference φ is obtained. After processing the massive data of the matching relationship, a simplified look-up table of the matching relationship between the output voltage and the maximum phase difference φ is established in the inner process. The output voltage of the MPRI can be set to a certain value by adjusting the maximum phase difference φ according to the look-up table of the matching relationship. For example, when n = 3, a simplified look-up table with a few points to display the matching relationship as shown in Table 1 .
III. CIRCUIT MODELING OF THE WPT SYSTEM BASED ON THE MPRI WITH CASCADED ICTS
The equivalent circuit of the WPT system based on the MPRI with the cascaded ICTs is shown in Fig. 5 , according to the equivalent single phase circuit of the MPRI of Fig. 3 . The equivalent inner resistance R eq in the equivalent circuit is ignored due to R eq ωL eq . In [24] , the circuit model of the system with LCC compensation circuit is developed. Similarly, as shown in Fig. 5 , the impedance of the secondary circuit is Z s = R s + R L + jωL s + 1 jωC s . When C s = 1 ω 2 L s , the secondary circuit resonates and Z s = R s + R L . According to circuit theory of the mutual inductance, the reflected impedance from the secondary side to the primary side is Z r = (ωM ) 2 Z s = (ωM ) 2 R s +R L . The total impedance in the primary circuit is
When C p and C f satisfy
(19) is simplified as Z p = ω 2 L 2 eq R p +Z r . The output current of the MPRI is deduced as
The current in the primary circuit is
According to the circuit theory of the mutual inductance, the current through the secondary side is
The receiving power is represented as
The total loss power of the system is
(26)
The system efficiency is
According to the formulas above, the output current of the MPRI and the receiving power vary with the number of phases, the maximum phase difference, and the mutual inductance between the primary and secondary coils. The current in the primary coil varies with the maximum phase difference. The system efficiency varies with the mutual inductance between the primary and secondary coils. In the WPT system with unfixed receiver position, the mutual inductance frequently changes which causes the fluctuations of the relevant system characteristics. Especially, the fluctuation of the receiving power caused by the variation of the receiving position can be offset by adjusting the maximum phase difference. The following sections will discuss it in detail.
IV. FLEXIBLE POWER CONTROL FOR THE WPT SYSTEM WITH UNFIXED RECEIVING POSITION A. SYSTEM CONTROL TOPOLOGY
To realize the stabilization control of the receiving power for the WPT system with unfixed receiver position, the flexible power control strategy is proposed based on the online monitoring of the key parameters, the pre-calculation of the inner parameters, the prediction of several conditions, and the online learning.
The topology diagram of system control for the WPT system with unfixed receiver position is shown in Fig. 6 . In the primary side, the high-frequency output current of the MPRI is converted to the high-frequency voltage through the current transformer. The DC voltage is obtained further after the amplifier circuit, the rectifier circuit and the voltage divider circuit. This DC voltage corresponding to the original high-frequency current is measured by an ADC (analog-digital conversion) module in the micro controller unit (MCU). In this paper, the parameters of the inductance and capacitors are designed at fixed frequency. The low power rate of the system in this paper will hardly influence the temperature of the components. The driving signals are generated by the field-programmable gate array (FPGA). Hence, the issue of the frequency offset is ignored in this paper.
In the control process, the maximum phase difference φ is set in the MCU and sent to the FPGA (field-programmable gate array). The phase angles ϕ k of each phase are set to control the output voltage of the MPRI through the phase distribution program in the FPGA. Assuming that the output voltage of the MPRI is U si and the output current of the MPRI is I fi when the maximum phase difference φ is φ i , according to (22) , the mutual inductance between the primary and secondary coils is derived as
The maximum phase difference is put into it to show the relationship directly. Based on (28), the monitoring method of the mutual inductance between the primary and secondary coils is investigated to lay the foundation for the pre-calculation of the inner parameters in the next part.
B. FLEXIBLE POWER CONTROL STRATEGY
According to the control conception mentioned above the flow chart of the flexible power control strategy including online monitoring and online learning is shown in Fig. 7 .
Step 1: Setting arrays I f [i] and φ [i] for online learning parameters. In the system operation process, the selected data of the output current of the MPRI and the maximum phase Step 2: Initializing the threshold conditions of voltage regulation. The updatable global variable I f 0min is set as the minimum output current under initial φ = φ 0 when the system does not meet the threshold conditions of voltage regulation. I f max is set as the permissible maximum output current of the MPRI. According to (18) , U 0 is the maximum adjustable output voltage U smax of the MPRI. The system efficiency should be more than η set .
Step 3: Calculation of threshold value of the mutual inductance M . In order to ensure that the system efficiency is more than η set , according to (27), the threshold value M of the mutual inductance between the primary and secondary coils can be deduced as
where η set < R L R L +R s , R L R L +R s is the efficiency of the secondary circuit.
Step 4: Initializing the system state. In initial state, the maximum phase difference is set as φ = φ 0 . According to the matching relationship between the output voltage of the MPRI and the maximum phase difference, the initial output voltage of the MPRI is adjusted as U s = U s0 .
Step 5: Monitoring the output current I f of the MPRI.
Step 6: Comparing I f with I f 0min . If I f ≤ I f 0 min , misalignment of the receiver position at this time is larger than the misalignment of the stored learning example which does not meet the threshold conditions of voltage regulation. The receiver position this time does not meet the threshold condition. The system stays in the initiation state. The procedure jumps to
Step 5 and the system continues monitoring I f . If I f > I f 0 min , the procedure jumps to Step 7.
Step Step 8: Calculating and monitoring of the mutual inductance. According to (28), the mutual inductance can be derived from U s0 and I f .
Step 9: Prediction of the mutual inductance. The calculated value of the mutual inductance in Step 8 is compared to the threshold value M . If M ≥ M , the procedure jumps to Step 10. If M < M , the system efficiency is lower than η set and the procedure jumps to Step 18.
Step 10: Pre-calculation of the voltage adjustment. In order to maintain the receiving power at P set , according to (25), the output voltage of the MPRI needs to be adjusted to
The corresponding output current I f 1cal of the MPRI when the output voltage of the MPRI is U s1cal is deduced as
According to (30) and (31), the theoretical values of the output voltage of the MPRI will be adjusted and the corresponding output current can be obtained.
Step 11: Prediction of the theoretical values of the output voltage to be adjusted and the corresponding output current. When U s1cal > U 0 or I f 1cal > I f max , the threshold conditions of voltage regulation cannot be met and the procedure jumps to Step 18. When U s1cal ≤ U 0 and I f 1cal ≤ I f max , the threshold conditions of voltage regulation can be met and the procedure jumps to Step 12.
Step 12: Reverse deduction of the maximum phase difference φ. According to (18) and the results in Fig. 4 , the matching relationship between the output voltage and the maximum phase difference φ is stored in the reverse deduction data table. The maximum phase difference φ 1 corresponding with the calculated value U s1cal can be obtained based on this data table.
Step 13: The effective learning process is finished. The data I f and φ 1 are stored in the arrays I f [i] and φ [i] respectively.
Step 14: Operation state. The maximum phase difference is selected as φ = φ 1 to achieve the output voltage U s = U s1cal .
Step 15: Monitoring the output current I f of the MPRI after the voltage regulation.
Step 16: Comparing the fluctuation I f − I f of the output current with the maximum allowable fluctuation I f 0 . When I f − I f < I f 0 , the procedure jumps to Step 15 and the system continues to monitoring I f . When I f − I f ≥ I f 0 , the procedure jumps to Step 4 and the system jump to the initiation state.
Step 17: Reading the corresponding maximum phase difference φ 1 from the stored arrays of the online learning. The procedure jumps to Step 14. In this paper, online learning means that storing the related parameters including the measured value and the setting value after every successful power stabilization control. In the next time, the stored parameters from the online learning will serve for the Searching and checking process in Step 7.
Step 18: The threshold conditions of voltage regulation cannot be met. The global variable I f 0min is updated as I f 0 min = I f . The procedure jumps to Step 5.
To deal with the issue of the fluctuating receiver power caused by frequent changes of the receiver position, the flexible power control strategy is proposed in this paper. The recognition of load access and exit and the power stabilization control after access are realized according to this strategy when the load is at the new receiving position. The database of the online learning is established and updated during the system operation. When the load is at the previous receiving position or the position of the same mutual inductance, the parameter values are the same as the stored data and the maximum phase difference will be adjusted directly to control the output voltage of the MPRI according to the corresponding data. The proposed strategy effectively responds to those situations including load access, load exit, second and subsequent multiple movements of the load. 
V. EXPERIMENTAL VALIDATION
In order to verify the proposed flexible power control, an experimental prototype of the wireless power transmission system with unfixed receiver position is built as shown in Fig. 8 . The number of the phases of the MPRI is 3 in this paper. The micro controller unit (MCU, STM32F407VGT) and field-programmable gate array (FPGA, XC6SLX9) are used in the control circuit of the MPRI. MOSFETs (IRFP4227) are utilized as the switching devices in the power stage circuit of the MPRI. The input of the MPRI is a DC voltage source. The ICTs are comprised of the core (T300-2) and the litz wire (14 AWG). Each ICT includes two identical windings in which the number of turns is 30. The inductance of the single winding in the ICT is 11.2 µH, measured by using a precision LCR meter (QuadTech 7600) at 85 kHz. The mutual inductance between the two windings of the ICT is 10.3 µH. The RMS value of the output voltage of each phase in the three-phase Class-D resonant inverter is set as 18 V by adjusting the DC voltage source. The theoretical output voltage of the MPRI is 18 V when the maximum phase difference is zero. The primary coil is a square spiral coil. The maximum side length is 30 cm. the number of turns is 7. The distance between the adjacent turns of every coil is 1 cm. The secondary coil is a circular spiral coil. The diameter is 20 cm and the number of turns is 7. The other parameters are listed in Table 2 . To design L eq =5.0 µH in the primary compensation circuit, according to (7) , the actual value of L f should be selected as 4.4 µH. C f is 700.5 nF (the calculated value is 701.2 nF) and C p is 231.7 nF (the calculated value is 232.2 nF). C s is 161.1 nF (the calculated value is 161.8 nF). The experimental parameters of the compensation circuits are listed in Table 3 .
In this system, the high-frequency output current of the MPRI is converted to the high-frequency voltage through the current transformer in which the turns ratio of the current transformer is 1:50. After the amplifier circuit, the rectifier circuit and the voltage divider circuit, the DC voltage matching with the original high-frequency current is obtained. The DC voltage is measured by an analog-digital conversion module in the micro controller unit. Hence, the variation characteristic of output current of the MPRI is monitored.
To verify the proposed flexible power control strategy, the threshold values or the target values including the maximum output voltage of the MPRI, the maximum output current of the MPRI, the minimum system efficiency and the receiving power are set first. The maximum output voltage of the MPRI U smax is 18 V. The maximum output current of the MPRI I f max is 10 A. The minimum system efficiency η set is 80%. The planned receiving power P set is 60 W.
In the initiation state, the maximum phase difference is set as φ = 154 • according to the proposed strategy. The output voltage of the MPRI is 8.8 V. When the movable load is far away from the effective wireless charging area, the system maintains the initiation state if the threshold conditions of voltage regulation cannot be met. During the process of the load moving to the effective wireless charging area, the load voltage improves due to the increasing mutual inductance between the primary and secondary coils. The threshold conditions of voltage regulation are satisfied when the mutual inductance increases further. For the first time of the load access, according to the proposed control strategy, the system control process including the online monitoring method of the key parameters, the pre-calculation of the inner parameters, the prediction of several conditions and the online learning are carried out successively. The maximum phase difference is adjusted to φ = 0 • . The output voltage of the MPRI is 17.7 V. The load voltage is 15.8 V. The receiving power is 59.4 W. the system efficiency is 81.3%. The waveforms are tested by using the digital oscilloscope (RIGOL DS1074B) and the differential probe (PROBE MASTER Model 4231). All oscilloscope channels are set to 20V/div in this paper.
The position of the secondary coil is changed slowly and continuously for the second and subsequent multiple movements of the load. The amplitude of movement is 1.5 cm approximately. In the experimental part, the threshold value of the output current fluctuation of the MPRI for recognition of the load movement is set as 0.3 A. When the output current fluctuation is larger than 0.3 A, the load movement is tested by the system controller according to the proposed strategy. The maximum phase difference is adjusted to φ = 154 • as the initiation state. In the initiation state, the output current of the MPRI is monitored. After searching in the stored array of the output current of the MPRI, the load position is stored in the database of online learning if I f = I f [i]. The maximum phase difference is adjusted directly to control the output voltage of the MPRI according to the corresponding data. If I f = I f [i], the system will be controlled as the first time of the load access. In the experimental part, five load movements are tested during the moving process due to the threshold value of the output current fluctuation of the MPRI. The waveforms of the output voltage of the inverter and the load voltage during access and multiple movement process of the load are shown in Fig. 9 . The waveforms of multiple movements of the load are shown in Fig. 10 in detail.
The experimental results, including the maximum phase difference, the output current of the MPRI, the load voltage, and the receiving power are listed in Table 4 . The receiving power is controlled around the planned receiving power 60 W according to the proposed strategy. The deviation of the receiving power is less than 4%. As shown in TABLE 3, during the variation of the receiving position (from A to E), the output voltage of the MPRI to maintain the stabilization of the receiving power decreases and the efficiency increases. During the position changing process in this experiment, the mutual inductance (or the coupling coefficient) between the primary coil and the receiving coil increases. The results also fit in with this characteristic of the position changing process.
The exit process also includes several times of load movement. After the load moves far away from the effective wireless power transmission area, the controller continues to monitor the system characteristics. The threshold conditions of voltage regulation are not satisfied and the system maintains the initiation state. The waveforms of the output voltage of the inverter and the load voltage during load exit process are shown in Fig. 11 .
The proposed flexible power control strategy for the WPT system with unfixed receiver position is verified by the experiments described above. Unlike other control methods, without the auxiliary positioning methods, the measuring in secondary side or the wireless communication between primary and secondary sides, the recognition of the load access and exit as well as the power stabilization control after access are achieved in this paper.
VI. CONCLUSIONS
To deal with the issue of the fluctuation of the receiving power in the WPT system with unfixed receiver position, the flexible power control strategy is proposed in this paper. The theoretical analyses and the control strategy are validated by experiments and the conclusions are drawn as follows:
(1) Based on the circuit model of the MPRI with cascaded ICTs, an iterative summation method for trigonometric functions is presented to deduce the expression of the output voltage of the MPRI as a function of the number of phases and the maximum phase difference. The control method of the output voltage of the MPRI based on the adjustment of the maximum phase difference is proposed.
(2) Considering the cascaded ICTs and the LCC compensation circuit in the primary side, the design method of the compensation parameters is proposed based on the circuit model of the MPRI. The expressions for system parameters including the output current of the MPRI, the receiving power and the system efficiency versus the number of phases, the maximum phase difference and the mutual inductance are derived to lay the foundation of the control strategy.
(3) The system control topology for the flexible power control strategy including online monitoring and online learning is introduced. The online monitoring method of the mutual inductance between the primary and secondary coils is proposed according to the maximum phase difference, the number of the phase, and the output current of the MPRI.
(4) The flexible power control strategy including the online monitoring, parameter pre-calculation, prediction of several conditions, and the online learning is investigated for the wireless power transmission system with unfixed receiver position. The recognition of the load access and exit as well as the power stabilization control after access are achieved independent of the auxiliary positioning methods, the measurement in secondary side, or the wireless communication between primary and secondary sides.
